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Trinification

Proton decay mediated by gauge bosons. — dimension-six operators

Higgs superfields. — dimension-five operators

Dimension-five operators are suppressed or absent.

Proton decay mediating gauge bosons are absent.
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[Achiman, Stech 1978; de Rujula, Georgi, Glashow 1984; Babu, He, Pakvasa 1986]

Gtr = SU@) x SU(3);, x SUB)p x %3

e rank 6;
e 73 guarantess that gauge couplings conincide at My;
e no need for adjoint Higgs fields;

e up to five light Higgs doublets in its minimal version.

— Gauge-coupling unification may result at M ~ 10 GeV without
supersymmetry (depending on the masses of the Higgs bosons and the
additional matter).
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Gauge group: Gtr = SU(3)~ x SU(3); x SU(3)p x Zs3

Fermions: (3,3,1) ® (3,1,3) ® (1,3,3) = 9o D e B 1,

wQ — (37§7 %) D (37 17 _%) ) wQ — ((—d U) B)
@C

wQC — (3717_%) @2<:§717%)7 wQC — u‘ )
%C

@DL—>(1,2,%)@2(1,27—%)@(17171)@2(17170)7 @DL(((gJ) (EC) (g))

In addition to the 15 SM fermions, there are 12 new fermions:
e one vector-like down quark and lepton doublet (5 + 5 of SU(5));
e one sterile (i.e., B — L = 0) neutrino.
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Breaking to G, by a pair of ¢, (1,3,3%) = <(¢1) (62) (¢3)> with

St S22 S3

- () () ) maw-(() () ()

0 0 V1 (%)) 0 0

v1 and v, break Grg to different SU(3)~ x SU(2); x SU(2), x U(1)

Of the six Higgs doublets, one linear combination is eaten by the gauge bosons that
acquire unification-scale masses.
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St S22 S3

- () () ) maw-(() () ()

0 0 U1 (%) 0 0

Breaking to G, by a pair of ¢, (1,3,3%) = <(¢1) (62) (¢3)> with

Yukawa couplings:

Yy = or o (g1 DL + g2 B2) Voetho® = (o)} (1) (BP)y
Y, = L (hy @)+ hy ®2) YD = e (Y1) (1) (D0
— Heavy states:  B°= co Y°+5a #°, FE=-s3&+cgZ, tana=IH
massless: d°=—sq P°4ca #°, L= cg&+ss, tanf=p2

N1 = sgM—cg Ny, No=—cg N —53 M
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Breaking to G, by a pair of ¢, (1,3,3%) = <(¢1) (62) (¢3)> with

S1 S2 53
(A 0 0 ni 0 ns
(@H=1[\o s 0/ | and (%) =]\ 0 iy 0
0 0 V1 (%) 0 0
Yukawa couplings: For simplicity, we choose n; » 3 = 0 here.

Y, = g 1y (91 (I)g + 92 (I)?),
Y. =3 (b @) + ha @),

No relation between the

masses of the quarks and

My = g1lba, Mg~ §i1Ul S , leptons; the minimal model
IS sufficient to describe the
masses of the quarks and
charged leptons.

light fermion masses

h%u1u2 53
VIl + h3e3

my N, = hjuz, me >~ hiuisg, my, ~
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Breaking to G, by a pair of ¢, (1,3,3%) = <(¢1) (62) (¢3)> with

S So S3
o () () )Y e ((5) (2) )
0 0 V1 V9 0 0

Yukawa couplings:

Y, = g 1y (gl (I)g + 92 (I)?)’
Y. =3 (b @) + ha @),

For simplicity, we choose n; 2 3 = 0 here.

light fermion masses The active neutrino, v,
together with N; forms a

my = g1u2, Mg = giul Sa , Dirac state, whereas the

m hiu m hiuy s m h%uluz SB sterile N, receives a small
v,N; — 142, e =~ N1UL S, N, . _
V h3v? + h3vs Majorana mass.
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One-loop diagrams appear due to the coupling of the neutral fermions to color-charged
Higgs bosons and the cubic couplings of the Higgs fields.

Dye P, O,
,”——X_"‘\\\
q)L (1’ 3’ 3) @Qf/,,’ \\\\SéQ
@, <3_’ ) 1> (A . (12 (O . (A
Do (3,1,3) Yot e Yt D

Yukawa couplings including cyclic permutations,
gq = g (ge VoL + Y hoe Py + 1 qu)QC) + h.c.
Higgs potential with quadratic and cubic terms only,

L =m? (PiDg + P Doe + PFD,) + [71Poe Po®, + 72 (9., P, + cyclic) + h.c.]
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One-loop diagrams appear due to the coupling of the neutral fermions to color-charged
Higgs bosons and the cubic couplings of the Higgs fields.

Dominant ‘D?i_f}j_? ?L

graphs: Dy 9,

o (3,3,1) N1z I B¢ \“.' Nio
Do (3,1,3) Yoth, D ey

— mass matrix for neutrinos (v, N1, N»)
0 —hyuq 0
My ~ | —hjug Sa—BC3 g2Fq (B) (52850 — Ca) 92Fq (B)
0 ($285a — Ca) 92Fq (B) Ca—pSp 92Fq (B)

Fy (q) o< my
(loop integral)
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One-loop diagrams appear due to the coupling of the neutral fermions to color-charged
Higgs bosons and the cubic couplings of the Higgs fields.

Dominant (I)?f—i? ?L This mechanism is
raphs: oo, > .

grap > ° % absent in models
D, (3_,3, 1) N1 . B Be ‘\,' N1 o with  low-energy
Doe (3,1,3) o th Boe Do thoe By supersymmetry.

— mass matrix for neutrinos (v, N1, N»)
0 —hiuq 0
My = | —hiu Sa—pCB 92Fq (B) (82850 — Ca) 92Fq (B)
0 ($285a — Ca) 92Fq (B) Ca—pSp 92Fq (B)

Fy (q) o< my
(loop integral)

sterile neutrinos obtain masses \y ~ F, (B) ~ O (My),

(h1uy)’

—— - ~(.1eV!
92Fq (B)

active neutrino is light, \, ~
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The neutrino hierarchy is related to the couplings in the quark sector.

The dominant 1-loop contributions are those with the heaviest quark, Bs.

— three-generational mass matrix for the sterile neutrinos (both N; and N),
MY~ <g3z' gj3 + gz'3 g3j) Fg,

Assume a structure like et e € [Lola, Ross 1999]
m
g~ 3 2 2 , 2~ ¢
my
e 1 1
— my ~mb ~ Fp, ~102GeV, mi ~¢Fp ~10°GeV.
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The neutrino hierarchy is related to the couplings in the quark sector.

The dominant 1-loop contributions are those with the heaviest quark, Bs.

— three-generational mass matrix for the sterile neutrinos (both N; and N),
MY~ <93i gj3 + gz'?) g3j) Fg,

Assume a structure like et e & [Lola, Ross 1999]
m
g~ 3 2 2 7 2~ €
my
e 1 1
— my ~mby ~ Fp, ~1012GeV, m) ~¢€'Fp ~10°GeV.

Light neutrinos: eigenvalues are proportional to ’;—j due to the common loop-integral

— hierarchy is determined by the hierarchy of h
— guasi-degenerate masses or a hormal hierarchy.
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Quarks and leptons in different multiplets. — No proton decay via gauge bosons.

Instead, proton decay is mediated by ®,. and ®,.
These dimension-six operators are suppressed by small Yukawa couplings,

[(g 55) hQQQL + g (—gg h) dcucecuﬂ {g h QQe™ u™ + (g 35) ( 3 h>* e C*QL}

[54 (53): three-generational analogue of the mixing between 2¢ and #¢ (¢ and )]
— Flavor non-diagonal decay dominant, in particular p — v K.

e (D) % e :
>¢Q‘@Qc 5
Ve (2 (2 ;

QC
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Quarks and leptons in different multiplets. — No proton decay via gauge bosons.

Instead, proton decay is mediated by ®,. and ®,.
These dimension-six operators are suppressed by small Yukawa couplings,

(955)hQQQL +g (=50 h) duteus| — [g"h QQe™ u + (g8p) (5. h>* A”u” QL]

[54 (53): three-generational analogue of the mixing between 2¢ and #¢ (¢ and )]
— Flavor non-diagonal decay dominant, in particular p — v K.

Calculate the decay width using chiral perturbation theory,

r:‘Zthadc

2 1 LLLL, RRRR
414{%@16 ( ) %:(Qh)
m

C=%
’ VivE — ~m2?a  (LLRR, RRLL)

|~

2
— Estimated lifetime: 7 ~ ( ) x 10?8 years.

>

g
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L 1\*
Lifetime: 7 ~ (—h) x 10°® years = gh<107?
g

et 3 €& mode dominant coeff. exp. limit [y]
g e 2|, €~ %, St g2 929 % 1033
T :
e 1 1 ot g'3pll 2.5 x 103!
h_ll N % ,LL+KO g12h12 1.4 % 1033
T

The decay width of p — K is close to the experimental limit.
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In the presence of supersymmetry, unification occurs with two light Higgs doublets (and
their superpartners), or even just one in the split supersymmetry scenario.

Neutrinos acquire eV-scale masses only if the mass differences of the SUSY partners is
of order My;; the lifetime of the gluino restricts the sfermion masses, m, < 10'* GeV.

[Gambino, Giudice, Slavich 2005]
With low-energy SUSY, one must add higher-dimensional operators or additional Higgs
representations to obtain light, active neutrinos.
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In the presence of supersymmetry, unification occurs with two light Higgs doublets (and
their superpartners), or even just one in the split supersymmetry scenario.

Neutrinos acquire eV-scale masses only if the mass differences of the SUSY partners is

of order My;; the lifetime of the gluino restricts the sfermion masses, m, < 10'* GeV.
[Gambino, Giudice, Slavich 2005]

With low-energy SUSY, one must add higher-dimensional operators or additional Higgs
representations to obtain light, active neutrinos.

The LLLL and RRRR operators mediating proton decay have mass-dimension five,
suppressed by (mSMU)2. The decay rate is naturally consistent with the experimental
limit if the sfermion masses are above a few hundred TeV.

— The model with weak-scale SUSY needs ‘flavor suppression’,
similar to models such as SU(5) [cf, e.g., Bajc, Perez, Senjanovic 2002, Emmanuel-Costa, SW 2003];

— proton decay is unobservable in the split-SUSY case.

The mixed operators, LLRR and RRLL arise from D terms, so will not lead to observable
decay.
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e The minimal trinified model, Grr = SU(3)~ x SU(3); x SU(3)p x Z3 IS an
Interesting candidate for non-supersymmetric unification.
Breaking is achieved by only two &, (1, 3, 3) representations which include
five potentially light Higgs doublets.

e Sterile Neutrinos become massive with M > Mgy via radiative seesaw
mechanism; at Mgy, only the SM fermions remain.

e No need to introduce intermediate scales, additional Higgs fields, or
higher-dimensional operators.

e Proton decay is mediated by color-charged Higgs bosons.
The decay mode p — 7K is dominant. (* SUSY models with dim-5 ops.)

e Possibility to verify model:
— no SUSY particles at TeV scale;
— detection of p — K+ as dominant decay mode

e Results are also valid for SUSY models, where scalars are as heavy as M;;.
— Proton decay is unobservable.
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